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These experiments evaluate the role of the Epstein-Barr virus (EBV) nuclear antigen leader protein
(EBNA-LP) in B-lymphocyte growth transformation by using a recombinant EBV molecular genetic approach.
Recombinant viruses encoding for a mutant EBNA-LP lacking the carboxy-terminal 45 amino acids were
markedly impaired in their ability to transform primary B lymphocytes compared with EBNA-LP wild-type
but otherwise isogenic recombinant viruses. This impairment was particularly evident when primary B
lymphocytes were infected under conditions of limiting virus dilution. The impairment could be partially
corrected by growth of the infected lymphocytes with fibroblast feeder layers or by cocultivation of primary B
lymphocytes with relatively highly permissive mutant virus-infected cells. One of the five mutant recombinants
recovered by growth of infected cells on fibroblast feeder cultures was a partial revertant which had a normal
transforming phenotype. Several lymphoblastoid cell lines infected with the EBNA-LP mutant recombinant
viruses had a high percentage of cells with bright cytoplasmic immunoglobulin staining, as is characteristic of
cells undergoing plasmacytoid differentiation. Expression of the other EBV latent or lytic proteins and viral
replication were not affected by the EBNA-LP mutations. Thus, the EBNA-LP mutant phenotype is not
mediated by an effect on expression of another EBV gene. These data are most compatible with the hypothesis
that EBNA-LP affects expression of a B-lymphocyte gene which is a mediator of cell growth or differentiation.

At least nine Epstein-Barr virus (EBV) genes are ex-
pressed in latent EBV infection of B lymphocytes (for a
review, see reference 21). Two of these genes encode
proteins which are expressed earliest in EBV infection, EBV
nuclear antigen 2 (EBNA-2) and EBNA leader protein
(EBNA-LP) (2). The EBNA-LP RNA contains a down-
stream EBNA-2 open reading frame, and both EBNA-LP
and EBNA-2 can be expressed from this message (37, 47).
The EBNA-LP and EBNA-2 RNAs have multiple repeating
exons from the EBV genome long internal repeat and three
exons from the unique DNA downstream of the repeat. The
repeating exons and the first two unique exons encode
EBNA-LP and can translate EBNA-LP when one of the two
possible acceptor sites for the splice between the first and
second exons results in a translational initiation codon at the
beginning of the EBNA-LP open reading frame (37). The last
exon encodes for EBNA-2 and efficiently translates EBNA-2
from those RN As which do not translate EBNA-LP because
of a splice between the first and second exons which does
not result in a translational initiation codon (47). EBNA
RNAs expressed after the initial EBNA-LP and EBNA-2
RNAs still have the exons encoding EBNA-LP but some-
times are spliced from upstream of the EBNA-2 open
reading frame to exons far downstream which encode
EBNA-3A, EBNA-3B, EBNA-3C, or EBNA-1 (6-9, 37, 40).
After EBNA-LP and EBNA-2 expression, promoters are
activated for RN As which encode two integral latent mem-
brane proteins (LMPs) (13, 18, 23). The EBNAs and LMPs
are likely to be mediators of the EBV latent infection state or
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of EBV-induced lymphocyte growth transformation (for a
review, see reference 21).

Little is as yet known about the functions of EBNA-LP.
Since it is encoded in the leader of the EBNA mRNAs, it
may be important in regulating EBNA expression or in
interacting with EBNAs in the regulation of virus or cell
gene expression. The gene to which its expression is most
closely coupled is EBNA-2, a transactivator of virus and cell
gene expression (46, 48). The EBNA-LP primary amino acid
sequence consists mostly of 22- and 66-amino-acid repeat
domains which are 25% proline or arginine, 9% serine or
threonine, and 6% glutamic acid. The penultimate exon
encodes 11 amino acids which are mostly an Arg-Pro repeat.
The last exon encodes 34 amino acids which include four
arginines and seven terminal acidic residues. EBNA-LP
undergoes phosphorylation, probably on the multiple serine
and threonine residues, which are in the context of basic
amino acids (32). Subnuclear fractionation reveals an asso-
ciation with the nucleoplasmic, chromatin, and nuclear
matrix fractions (32). Microscopic analysis with EBNA-LP-
specific antibody indicates an association with discrete sub-
nuclear particles (32, 47).

The experiments described here involve a recombinant
EBYV molecular genetic approach to investigate EBNA-LP’s
role in B-lymphocyte latent infection or growth transforma-
tion. The investigation begins with analyses of the effects of
EBNA-LP mutations on the ability of EBV to growth
transform B lymphocytes. Previously, in two experiments in
which an EBV DNA segment deleted for the last two
EBNA-LP exons was recombined into EBV, the mutant
recombinant virus yielded fewer cell colonies in a soft agar
assay than virus stocks derived when a wild-type DNA
segment was recombined into P3HR1 (17). The colonies
derived after infection with mutant recombinant virus stocks
did not give rise to long-term lymphoblastoid cell lines
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(LCLs) (40a). However, a bulk culture of cells infected with
this virus stock grew slowly on a fibroblast feeder layer for
several months and eventually grew slowly off fibroblast
feeder layers. Analyses of these cells were limited to a
Southern blot, which confirmed that the cells were infected
with a recombinant EBV containing an EBNA-LP deletion
mutation, and an immunoblot, which demonstrated high
level EBNA-2 expression in the cells. In similar experiments
using an endpoint dilution clonal transformation assay, we
had found that primary B lymphocytes infected with mutant
recombinant EBV deleted for the last two EBNA-LP exons
did not give rise to long-term LCLs. Since the mutant
recombinant virus-infected cells in these latter experiments
were plated without fibroblast feeder layers, we undertook a
series of experiments to determine whether fibroblast feeder
layers would support the growth of the mutant recombinant
virus-infected cells. The virus mutants and their phenotypic
effects on the growth and gene expression of infected pri-
mary cells were then characterized.

MATERIALS AND METHODS

Cell lines. The P3HR1 clone 16 (33), W91 (26), IB4 (22), or
recombinant EBV-transformed LCLs were maintained in
RPMI 1640 medium supplemented with 10% fetal calf serum
(FCS). FS4 is a primary human foreskin fibroblast cell line
(kindly provided by J. Vilcek, New York University).
HH293 is a primary human placental fibroblast cell line
(kindly provided by G. Miller, Yale University).

Plasmids. The Escherichia coli plasmid pWT, used to
generate recombinant EBVs, was constructed by inserting
an EBV DNA W91 BgllI fragment (corresponding to B958
nucleotides 44,664 to 54,359) (5) into the BamHI site of the
pHEBo plasmid (42). To make pD1, the last two EBNA-LP
exons were deleted from pWT by removing a 350-bp Hpal-
HindIII fragment. Plasmid pS1 was constructed by polymer-
ase chain reaction (PCR) mutagenesis (30). Briefly, part of
the EBV W91 BamHI Y fragment was PCR amplified by
using primers corresponding to B958 nucleotides 47,744 to
47,788 and 48,284 to 48,304. The first primer contained a
3-bp mutation, changing the first codon of the EBNA-LP Y1
exon from CCA to a TGA stop codon and the second codon
from CTA to GTA. The GTA mutation creates a new Rsal
site which could readily identify mutant DNA. The second
primer included an upstream 20-bp sequence that was not
homologous to EBV DNA. The amplified fragment was gel
purified and mixed with BamHI-Y DNA. Hybrids between
the amplified mutant fragment and the BamHI-Y DNA were
then amplified with a third primer corresponding to B958
nucleotides 47,337 to 47,357 and a fourth primer identical to
the 20-nucleotide non-EBV sequence in the second primer.
The resulting amplified fragment was digested with Xhol and
HindIIl, and the Xhol-HindIII fragment was used to replace
the corresponding fragment of pWT, thus creating pS1. The
plasmid pSVNaelBamZ was constructed by inserting the
1.2-kb Nael-BamHI fragment from the BamHI Z fragment of
B958 EBV DNA into the BamHI site of the plasmid pSG5
(Stratagene). Plasmid p4IgL.P(+) was constructed by sub-
cloning a murine immunoglobulin M (IgM) heavy chain
variable region promoter and enhancer from plasmid u/u-gpt
(16) into pFR400 (39). A 1.4-kb Sall restriction fragment
from u/u-gpt was subcloned by blunt end ligation into the
Pstl site of pUC-19 to give pIg-19. A 450-bp subfragment of
herpes simplex virus type I containing the thymidine kinase
polyadenylation signal (19) was cloned into the Sall site in
the polylinker of plg-19 as a Sacl-HindIII fragment giving
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plg-19TK. This ligation regenerated the Sall site proximal to
the heavy chain promoter and the HindlIII site at the oppo-
site end. Finally, the 1.9-kb HindIII fragment containing the
enhancer-promoter-poly(A) cassette of pIg-19TK was in-
serted into the unique Sall cloning site of pFR400, with both
immunoglobulin and dihydrofolate reductase transcription in
the same orientation, to give plasmid p4-Ig. A 1-kb LP
cDNA, taken as a BamHI-EcoRI I fragment from a pUC-19
subclone was blunt ligated into the Sall cloning site of p4-Ig
in a sense orientation [p4Igl.P(+)]. p4IgLP(+) was se-
quenced and had an in-frame fusion between the endogenous
immunoglobulin variable region initiation codon and the
polylinker sequences involved in the ligation. This results in
translation of 17 additional amino acids fused to the amino
terminus of EBNA-LP.

Transfections and infections. EBNA-LP mutant or wild-
type plasmids (20 pg) were ethanol precipitated with the
plasmid pSVNaelBamZ (40 pg), dissolved in 10 ul of sterile
water, and transfected into P3HRI1 cells with an electropo-
rator (Gene Pulser; Bio-Rad Laboratories) with a pulse of 0.2
V at 960 mF. Three days after transfection, intracellular
virus was released by three cycles of freezing and thawing
and pooled with the cell supernatant. The pooled material
was filtered through a 0.45-pm-pore-size filter, pelleted at
8,800 x g for 2 h, and resuspended in 1 ml of complete
medium. Each virus preparation was incubated with 107
human umbilical cord blood mononuclear cells for 1 h at
37°C and plated in 150 pl of complete medium (RPMI 1640
medium supplemented with 10% FCS and 8 pg of gentamicin
per ml) in 64 microtiter wells (with or without fibroblast
feeder layers) at 10° cells per ml. After 1 week in culture,
another 50 pl of complete medium was added to each well.
Cultures were then fed weekly with complete medium.
Plasmid p4IgLP(+) (75 pg) was transfected into cell lines
containing EBNA-LP mutant recombinant virus with an
electroporator (Gene Pulsar; Bio-Rad) with a pulse of 0.2 V
at 960 mF. After 48 h, the cells were plated in microtiter
wells at 100,000 cells per ml and were fed weekly with
medium containing 0.25 M methotrexate sodium (Lederle).

Expansion protocol for EBV-infected cells. When cell
growth was evident with visible macroscopic cell clumps and
acidified medium, 150 .l of each microtiter well culture was
transferred to 1.5 ml of complete medium in a 24-well culture
plate (Costar). When growth was evident in the 1.5-ml
cultures, the culture volume was increased to 2 ml and then
to 5 ml. The 5-ml cultures were transferred to 25-cm? tissue
culture flasks (Corning). In experiments involving mutant
virus-infected cells, cells were seeded in microtiter plates,
24-well plates, and 25-cm? tissue culture flasks with and
without HH293 or FS4 fibroblast feeder layers.

Passage of virus. Virus was passaged into adult peripheral
blood B cells by cocultivating 50,000 irradiated (8,800 rads)
virus-transformed cells with 200,000 adult peripheral blood
B cells or umbilical cord blood lymphocytes in a 200-pl
microwell. Irradiated LCLs and peripheral blood B cells
were cultured separately as controls.

PCR amplification of DNA from LCLs. Cells (105 were
boiled for 15 min in 200 pl of phosphate-buffered saline (160
ng of NaCl-40 pg of KCI-210 pg of Na,HPO,40 pg of
KH,PO, per ml) and incubated with 10 ug of proteinase K
per ml for 1 h at 65°C. Proteinase K was inactivated by
incubation at 100°C for 30 min. One-tenth of this preparation
was then PCR amplified (14) with primers corresponding to
B958 nucleotides 47,335 to 47,357 and 48,204 to 48,226 (5).
PCR conditions were 35 cycles of denaturation at 94°C for 40
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s, annealing at 55°C for 1 min, and extension at 72°C for 2
min.

Northern, Southern, and immunoblot analyses. EBNA-1,
EBNA-2, EBNA-3, EBNA-LP, and early antigen expression
were assayed by immunoblot with EBV-immune human
sera. LMP1 and LMP2 were detected by immunoblot with
the S12 monoclonal antibody (24) and with an affinity-
purified rabbit serum (23), respectively. Immunoglobulin
expression was assayed by immunoblot with rabbit anti-
human IgM Fc antibody (Jackson Laboratories) and alkaline
phosphatase-conjugated goat anti-human IgG (heavy and
light chains) antibody (Protoblot). Immunoblots were done
as described previously (2). RNA was isolated for Northern
blots by acid guanidinium phenol-chloroform extraction (10).
RNA was size fractionated on a 1% formaldehyde agarose
gel and was transferred to activated nylon membranes
(GeneScreen Plus; New England Nuclear). The filters were
hybridized with a >?P-labelled EBNA-LP cDNA. For South-
ern analysis, total cellular DNA digested with BamHI was
size fractionated on an 0.8% agarose gel and was transferred
to an activated nylon membrane (GeneScreen Plus; New
England Nuclear). The filters were hybridized to a 3?P-
labelled EBV B958 BamHI H fragment.

Immunofluorescence and flow cytometry. Indirect immuno-
fluorescence studies (2) of EBV latent protein expression
were done with an EBNA-LP affinity-purified human serum,
an EBNA-2 monoclonal antibody (PE2) (50), or an LMP1
monoclonal antibody (S12) (24). Viral replicative protein
expression was determined with cells fixed in acetone for 10
min at —20°C and stained with human serum recognizing
immediate-early, early, and late viral replicative proteins, a
monoclonal antibody, BZ.1, (kindly provided by M. Rowe),
or rabbit serum (kindly provided by D. Hayward) to the
immediate-early Z protein, the R3 monoclonal antibody to
an early replicative protein (31), the L2 monoclonal antibody
to the late glycoprotein gpl10, or the 2L.10 monoclonal
antibody to the late glycoprotein gp350 (43). Flow cytometry
(46) for cell surface antigen expression was done by using
monoclonal antibodies to CD23 (EBVCSI1 [36]), CD10 (JS,
kindly provided by J. Ritz [34]), ICAM1 (R/R 1/1, kindly
provided by T. Springer [35]), LFA1 and LFA3 (TS1/22 and
TS2/9, kindly provided by T. Springer [38]), CD39 (AC2,
kindly provided by M. Rowe [36]), CD40 (EA-5, kindly
provided by T. LeBien), and CD44 (20). Cytoplasmic immu-
noglobulin staining was determined by cytocentrifugation of
cells, fixation in ethanol with 5% acetic acid for 1 h at 4°C,
and incubation with fluorescein-conjugated goat anti-human
IgG (heavy and light chains) (Jackson Laboratories) for 20
min. Two-color immunofluorescence of EBNA-2 and cyto-
plasmic immunoglobulin was done with the PE2 monoclonal
antibody, fluorescein-conjugated goat anti-mouse antibody,
and Texas red-conjugated goat anti-human antibody. Stained
cells were visualized with a Zeiss Axioskop equipped for
epifluorescence.

Growth curves and dilution studies. Cells were grown to
saturation, centrifuged, and resuspended at the desired
concentrations in RPMI 1640 with 10% FCS. Cell growth
was determined by hemocytometer count or measurement of
tritiated thymidine uptake every other day over a 7- to
14-day period. Tritiated thymidine uptake was measured
after the cells were pulsed for 16 h with *H-thymidine (2
pCi/ml). In dilution studies, serial dilutions of EBNA-LP
mutant or wild-type virus-transformed cells from the same
donor cells were plated in microtiter wells. The cells were
observed without additional feeding for the next 6 weeks for
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evidence of cell growth as manifested by the development of
macroscopic clumps of cells and acidification of the medium.

Cell growth in conditioned medium. Cells were taken from
the exponentially growing EBNA-LP mutant DIl-trans-
formed cell line, resuspended at 10,000 cells per ml in RPMI
1640-10% FCS, and plated into Millicell-CM 0.4-pm-pore-
size culture plate inserts (Millipore Corp). The culture plate
inserts were placed in 2-ml tissue culture wells (Costar)
containing 1 ml of RPMI 1640-10% FCS alone or with
200,000 D1- or WT1-recombinant-transformed LCL cells.
The number of viable D1-transformed cells in the culture
plate inserts and the number of viable D1- or WT1-trans-
formed cells outside the inserts were determined by hemo-
cytometer count and trypan blue exclusion.

Cytokine production. First-strand cDNA was made from
2.5 pg of LCL cytoplasmic RN A with murine leukemia virus
reverse transcriptase (Superscript; Bethesda Research Lab-
oratories) and oligo(dT) primers in 25-pl reactions. Three
microliters of the cDNA was then PCR amplified (14) by
using primers specific for interleukin-1a (IL-1a), IL-1b, IL-2
through IL-8, tumor necrosis factor-g, and II-2R (Clontech).
PCR conditions were 40 s of denaturation at 94°C, 1 min of
annealing at 55°C, and 2 min of extension at 72°C. IL-6
production was determined by using the IL-6-dependent
hybridoma cell line B9 (1). B9 cells (2,000) were incubated in
200 pl of serial dilutions of cell-free supernatants from
logarithmically growing D1- or WT1-transformed cells. As
positive and negative controls, the B9 cells were incubated
in RPMI 1640-10% FCS with and without 50 pg of recombi-
nant IL-6 per ml (gift of Genetics Institute). After 84 hin a
highly humidified atmosphere of 5% CO, at 37°C, the cells
were pulsed for 4 h with *H-thymidine (2 wCi/ml) and
harvested (45).

Electron microscopy. Cells were gently pelleted, and the
pellet was resuspended in fixative containing 2.5% glutaral-
dehyde, 2.0% paraformaldehyde, 0.1 M sodium cacodylate,
and 1 mM CaCl, (pH 7.4) for 90 min at 4°C. The cells were
then placed in 1% OsO, in cacodylate buffer for 1 h at 4°C
and stained with 2% aqueous uranyl acetate for 20 min at
4°C. The cell pellets were dehydrated in 35, 70, 95, and then
100% ethanol for 10 min at 4°C, in 100% ethanol twice for 10
min at 25°C, and in propylene oxide twice for 10 min at 25°C.
The cell pellets were then infiltrated overnight at room
temperature with a 1:1 mix of Epon (Ladd, Inc) and propy-
lene oxide and for 4 h at room temperature in 100% Epon.
The pellets were then polymerized overnight at 60°C. Sec-
tions (60 nm) from four different areas of each pellet were
picked up on 200 mesh (Formvar- and carbon-coated) nickel
grids. Sections were poststained with lead citrate and were
examined with a Philips electron microscope. Three hundred
to five hundred cells of each cell line were viewed.

RESULTS

Effects of EBNA-LP mutations on infected B-lymphocyte
outgrowth. EBV recombinants containing mutant or wild-
type EBNA-LP were generated by transfecting a cloned
EBV DNA fragment into an EBV-infected cell line and
inducing virus replication so that the fragment could homol-
ogously recombine with replicating viral DNA. The EBV-
infected cell line used in these experiments was P3HRI1, a
Burkitt’s lymphoma-derived cell line which contains a rep-
lication-competent EBV genome. P3HRI1 is deleted for a
single EBV DNA segment which includes the last two
EBNA-LP-encoding exons and the EBNA-2-encoding exon
(Fig. 1) and is, therefore, unable to transform lymphocytes
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FIG. 1. The P3HR1 EBV genome is deleted for a DNA segment which includes the EBNA-LP Y1 and Y2 exons and the EBNA-2 YH exon
and is transformation incompetent. Plasmid pWT containing a wild-type EBV (W91 strain) Bg/II DN A fragment which spans the deletion was
electroporated into cells to produce transformation-competent EBV recombinants by homologous recombination with replicating P3HR1
DNA. The relevant BamHI map is shown at the top. Cells carrying the PAHR1 EBV genome were induced to replicate by electroporation with
a plasmid consisting of the simian virus 40 promoter driving the EBV BZLF1 immediate-early replication cycle transactivator. Plasmid pD1
was constructed from pWT by deletion of a 350-bp Hpal-HindIII fragment which includes the EBNA-LP Y1 and Y2 exons. Plasmid pS1 has
a stop codon at the beginning of the Y1 exon. The virus stocks derived after transfection of each of these plasmids into the P3HR1 cell line
were used to infect primary B lymphocytes, and the infected lymphocytes were plated into microwells to allow clonal outgrowth of cells
transformed by recombinant viruses. The number of recombinant virus-transformed LCL clones is shown on the right. Each column
represents a separate experiment in which 107 peripheral blood lymphocytes were infected with wild-type or EBNA-LP mutant (D1 or S1)
recombinant virus. In experiment 1, a different electroporator (Pro Genetor; Hoefer) was used and tetradecanoyl phorbol acetate and
butyrate, rather than SVNaelBamZ, were used to induce viral replication, which resulted in only four clones of LCLs infected with WT
recombinant virus. In experiment 2, a cosmid containing the EcoRI A fragment of W91 was used as a positive control rather than pWT.
Fifty-five clones were obtained with the EcoA cosmid in this experiment. On the basis of the relative efficiency of recombination of pWT
compared with the EcoA cosmid in several experiments, approximately 28 recombinant EBV clones would be anticipated from pWT in this
experiment. In experiment 8, one of the four clones obtained with the EBNA-LP mutant recombinant virus (S1) was found to have mutated
the TGA stop codon to TCA and, therefore, encoded an EBNA-LP in which the first two amino acids of the Y1 exon were changed from
Pro-Leu to Ser-Val. ND indicates that the wild-type control was not done.

0,0 0,0 0,4

4 28 20 26 27 9 ND 48

(25, 27). Restoration of the deleted DNA segment by homol-
ogous recombination with a transfected EBV DNA fragment
can restore the ability of the virus to transform primary B
lymphocytes into long-term LCLs (11, 17). Transformation-
competent recombinant EBV can then be specifically and
clonally recovered by endpoint dilution infection and plating
of primary B lymphocytes (11). Mutations can be made in
the EBNA-LP- or EBNA-2-encoding exons in the trans-
fected DNA fragment. The effect of the mutations on the
ability of the resultant mutant recombinant EBV to growth
transform lymphocytes can then be assessed.

In several initial experiments, transformation-competent
EBYV recombinants were recovered when P3HR1 cells were
transfected with a wild-type EBV DNA fragment which
encompassed the DNA for which P3HR1 is deleted as well
as flanking DNA homologous to P3HR1 (Fig. 1). In contrast,
no transformation-competent recombinant virus was recov-
ered after transfection of P3HR1 with an otherwise isogenic
EBV DNA fragment deleted for the last two exons of
EBNA-LP (Y1 and Y2 in Fig. 1). Since fibroblast feeder
layers improve the transformation efficiency of EBV (41), in
three additional experiments, primary lymphocytes infected
with virus stocks from P3HR1 cells transfected with the
EBNA-LP-deleted DNA fragment were plated on fibroblast
feeders. In these experiments, only one LCL was obtained
(Fig. 1). In contrast, three parallel transfections of P3HR1
with a control wild-type EBV DNA fragment resulted in
approximately 20 LCLs per experiment, even in the absence
of fibroblast feeder layers (Fig. 1).

Since the Y1 and Y2 exons are part of all EBNA RNAs,
recombinant virus with an EBNA-LP deletion could be
defective in transforming primary lymphocytes because of a
cis effect of the deletion on EBNA RNA processing or
because the deletion creates an unnatural fusion between the
EBNA-LP open reading frame and another coding domain.
Therefore, a second mutation in which the first Y1 codon
was mutated to a TGA stop codon was evaluated (Fig. 1).
This mutation would truncate EBNA-LP at the same place
as the deletion mutation but would avoid the cis effects of the
deletion described above. A single base change was also
made in the second Y1 codon, creating a new Rsal site,
which could be used to identify cells transformed by EBV
recombinants carrying this stop codon mutation. In three
separate experiments plated on fibroblast feeder layers,
virus stocks derived from transfection of P3HR1 with two
independently derived stop codon mutant EBNA-LP DNA
fragments gave rise to only four LCLs. All four were from
one experiment in which virus stocks derived from transfec-
tion of P3HR1 with a wild-type DNA fragment resulted in 48
LCLs in the absence of fibroblast feeders (Fig. 1).

LCLs transformed by EBNA-LP mutant recombinant
viruses took longer to be macroscopically visible in micro-
wells with fibroblast feeders than did LCLs transformed by
the EBNA-LP wild-type recombinant viruses. After infec-
tion of primary B lymphocytes with wild-type recombinant
virus, macroscopically visible growth was evident by 4
weeks in approximately 50% of those wells which subse-
quently yielded LCLs. The remaining 50% had visible
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growth by 8 weeks. Outgrowth of the single deletion mutant
recombinant virus-transformed LCL was not evident until 5
weeks after infection, while growth of the stop codon mutant
virus-transformed LCLs was not evident until 8 to 20 weeks
after infection. Cells transformed with wild-type recombi-
nant virus grew in clumps with many viable single cells
between the clumped cells, whereas cells transformed by the
mutant recombinant viruses had few viable single cells
between the clumps.

The initial deletion and stop codon recombinant virus-
transformed LCL cultures could not be expanded (see
Materials and Methods) without fibroblast feeder layers,
except for one stop codon mutant virus-transformed LCL in
which the stop codon mutation had reverted (see below).
Expansion of the mutant virus-infected LCLs from 200-ul
cultures to 1.5-ml cultures in the absence of fibroblast feeder
layers resulted in cell death, while most wild-type recombi-
nant virus-infected cells expanded readily under the same
conditions. Two stop codon mutant virus-transformed LCLs
could never be grown without fibroblast feeder layers. Once
the remaining stop codon mutant and the deletion mutant
virus-transformed LCLs were growing at high cell density in
2-ml cultures, they were able to grow without fibroblasts
when they were maintained at concentrations above approx-
imately 5 x 10* cells per ml. The growth of the deletion
mutant-infected cells at concentrations below 5 x 10* cells
per ml could be complemented by cocultivation with LCLs
growing at high cell concentrations and separated from the
deletion mutant-infected cells by a Millicell-CM semiperme-
able membrane (Millipore Corp.).

The expression of a variety of cell surface antigens known
to be affected by EBV infection was analyzed by surface
indirect immunofluorescence and flow cytometry. No differ-
ence was detected between wild-type and mutant recombi-
nant virus-infected LCLs in the expression of CD10, CD23,
ICAM1, LFAla, LFA3, CD39, CD40, and CD44.

The pool of cells previously transformed by a recombinant
EBV (D2), which has a slightly larger EBNA-LP deletion
(17) than the deletion described above (D1), was kindly
provided by B. Sugden for further characterization in paral-
lel. These cells also grew more slowly than wild-type-
infected cells when diluted below approximately 5 x 10*
cells per ml.

The mutant- and wild-type-infected LCLs maintained sim-
ilar viabilities (70% viable after 5 days) when grown in
medium supplemented with only 0.1% FCS.

Characterization of the recombinant virus genome. In al-
most all instances, EBV DNA in the recombinant virus-
transformed LCLs had the expected sequence. PCR ampli-
fication of an 890-bp sequence which spans the last two
EBNA-LP exons gave the expected 890-bp fragment from
the wild-type- or stop codon mutant-transformed LCLs, the
expected 540-bp fragment from the 350-bp deletion mutant
(D1)-transformed LCL, and the expected 390-bp fragment
from the 500-bp deletion mutant (D2)-transformed LCL,
which was previously derived (17). The fragments amplified
from the four stop codon mutant-transformed LCLs all
contained the new Rsal site characteristic of that transfected
DNA fragment (data not shown).

Although the stop codon mutant virus-transformed LCLs
arose in an experiment with an unusually high frequency of
wild-type recombinant virus-transformed LCLs, the out-
growth of four mutant virus-transformed LCL clones was
surprising, considering only one deletion or stop codon
mutant recombinant transformant was obtained in all other
experiments. The amplified DNAs, therefore, were se-
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FIG. 2. Southern blot of DNAs from lymphoblastoid cell lines
transformed by recombinant EBV produced following electropora-
tion of P3HR1 cells with pWT, pD1, or pS1. D2 was a previously
derived recombinant EBV with an EBNA-LP Y1 and Y2 deletion
(17). D2P1 and D2P2 were derived from passage of the original D2
virus into primary B cells. M1 was a recombinant EBV derived after
pS1 electroporation in which the TGA stop codon had mutated to
TCA and produced Ser-Val instead of Pro-Leu at the beginning of
the Y1l-encoded domain. Also included on the blot was DNA from
the P3HR1 Burkitt’s lymphoma cell line and from an LCL contain-
ing B958 EBV. Total cellular DNA was digested with BamHI and
probed with a radiolabeled EBV BamHI H fragment to demonstrate
that the recombinant viruses had a BamHI fragment similar in size
to that of W91 (6.6 kb) or B958 (6.0 kb) and different from that of the
nonrecombinant P3HR1 (4.1 kb) and the transfected plasmid (17 kb).
The BamHI H fragment of the D2-transformed cell lines was derived
from B958 (17). pWT, pD1, and pS1 were derived from the EBV
WO1 strain. The band at 9.7 kb seen in some of the lanes corre-
sponds to the EBV DNA BamHI B1 fragment, which has homology
to the BamHI H fragment (12). The S1.1 cell line was coinfected
with nonrecombinant P3HR1.

quenced to be certain that they contained the stop codon.
The stop codon mutant which grew at early passage without
fibroblast feeders was a partial revertant. The TGA stop
codon was now TCA so that this recombinant maintained the
wild-type open reading frame and differed from the wild type
only in having Ser-Val instead of Pro-Leu at the beginning of
the Y1-encoded domain. The three other stop codon mutants
had the expected TGA replacing the first Y1 codon. The
wild-type, deletion, stop codon, and partially revertant
recombinant viral genomes were designated WT, D1, S1,
and M1, respectively. The previously described deletion
mutant (17) was designated D2.

Southern blots of BamHI digest of DNA from cell lines
transformed by WT, D1, D2, S1, and M1 recombinant EBV
were hybridized with a BamHI-H probe and confirmed that
homologous recombination had occurred between P3HR1
and the transfected EBV DNA (Fig. 2). Parental P3HR1
EBV DNA has a small 4.1-kb BamHI H hybridizing frag-
ment due to the EBNA-LP and EBNA-2 deletion, which
includes all of the BamHI Y fragment and most of BamHI H
fragment (Fig. 1 and 2). The transfected plasmid has a 17-kb
BamHI H hybridizing fragment because it lacks the BamHI
site downstream of the EBNA-2 exon (Fig. 1), and therefore
its BamHI H hybridizing fragment includes the 12-kb
pHEBo plasmid fused to 5 kb of the EBV BamHI H
fragment. The EBV BamHI H DNA fragments in the WT-,
D1-, S1-, and M1-transformed LCLs are approximately 6.6
kb, the same size as the BamHI H fragment in the cell line
(W91) from which the original transfected EBV DNA frag-
ment was derived (11) (Fig. 2). The EBV BamHI H DNA
fragment in the D2-transformed cell lines is 6.0 kb (Fig. 2),
identical in size to the BamHI H fragment in the cell line
(B958) from which its original transfected EBV DNA frag-
ment was obtained (17). The difference in the sizes of BamHI
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FIG. 3. Immunoblots of EBV proteins in LCLs transformed by EBNA-LP mutant or wild-type recombinant EBV. Proteins from the
parental P3HR1 Burkitt’s lymphoma cell line and from the latently infected LCL, IB4, are included as controls. The WT1P1.2- to WT1P1.6-
and WT1P2.1- to WT1P2.4-infected LCLs are from the same adult donor as the D2P1.1- to D2P1.4-infected LCLs. The Dl-infected LCL is
from the same donor as the WTl-infected LCL. The WT3.1- and WT3.2-infected LCLs are from the same donor as S1.2-, S1.3-, and
M1l-infected LCLs. The D1P1.1- to D1P1.6-infected LCLs do not have WT-infected control LCLs from the same donor. (A) Antiserum from
an EBV-infected donor detects the 135-kDa early antigen protein, the 40- to 60-kDa early antigen proteins (EA), or Z protein in P3HR1, in
seven wild-type recombinants which have been passaged into adult peripheral blood B lymphocytes (WT1P1.2 to WT1P1.4 and WT1P2.1 to
WT1P2.4), in the original D1 and D2 EBNA-LP mutant recombinant virus-infected cell lines, as well as in each of the cell lines derived from
passage of D1 or D2 into adult peripheral blood B cells (D1P1.1 to D1P1.6 or D2P1.1 to D2P1.4). Little or no early antigen or Z protein
expression is seen in IB4, M1, S1.2, S1.3, WT1, WT2, WT3.1, WT3.2, or WT1P1.6. The antiserum also detects EBNA-2 in all LCLs but not
in the parental P3HR1 line. (B) Antiserum from an EBV-infected donor shows similar EBNA-2 (E2) and EBNA-1 (E1) levels in the LCLs
containing recombinant virus and in the IB4 cell line. The EBNA-LP size varies among the WT cell lines as a consequence of different
numbers of internal-repeat-derived domains. (C) Monoclonal antibody to LMP1 shows similar LMP1 levels in LCLs transformed by
EBNA-LP mutant or wild-type recombinant virus. P3HR1 cells characteristically express very low levels of LMP1 (29). The bands seen at
97 kDa correspond to a cellular protein which reacts with the S12 antibody. Protein sizes in kilodaltons are indicated on the left.

H DNAs in the W91 and B958 cell lines is probably due to a
difference in the number of copies of the internal repeat 2
DNA (12). The band at 9.7 kb seen in some of the lanes
corresponds to the BamHI B1 fragment of P3HR1, which is
partially homologous to the BamHI H fragment (12). The
S1.1 (Fig. 2)-and D2 (data not shown)-transformed cell lines
are coinfected with parental, nonrecombinant, PZHR1 EBV
and, therefore, contain a small amount of the 4.1-kb parental
P3HR1 BamHI YH fragment. However, the D2P1 and D2P2
cell lines, which were infected with recombinant virus from
D2-infected cells (see below), contained no detectable pa-
rental P3HR1 BamHI YH fragment (Fig. 2). One stop codon
mutant-transformed LCL (S1.3) had a BamHI H DNA
fragment of approximately 5.3 kb, larger than P3HR1 but
smaller than the expected recombinant BamHI H fragment

(data not shown). The S1.3 virus probably arose via homol-
ogous recombination between the transfected plasmid and
P3HRI1, because it expressed normal levels of EBNA-2 by
immunoblot and immunofluorescence (Fig. 3B). The small
size of its BamHI H hybridizing fragment may be due to a
spontaneous deletion of part of the BamHI H fragment
outside the EBNA-2 open reading frame. This cell line was
excluded from further analyses because of the anomalous
BamHI H EBV DNA fragment.

Effect of EBNA-LP mutations on EBNA or LMP gene
expression. Since EBNA-LP deletions could have cis or
trans effects on EBV gene expression in latently infected,
growth-transformed cells, EBV RNA and protein expression
in mutant and wild-type recombinant virus-transformed
LCLs were compared. Northern blots of cytoplasmic or
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nuclear RNA from mutant or wild-type recombinant virus-
transformed LCLs were probed with an EBNA-LP cDNA.
This probe hybridizes to all EBNA RNAs because they have
the EBNA-LP exons as a leader sequence. No differences in
cytoplasmic or nuclear EBNA RNA levels were evident
(data not shown). The expression of EBV proteins in the
EBNA-LP mutant and wild-type recombinant virus-trans-
formed cell lines was compared by immunoblot and im-
munofluorescence. Immunofluorescence staining with an
EBNA-LP affinity-purified human serum revealed character-
istic EBNA-LP nuclear staining in the WT- and M1-trans-
formed LCLs and no staining in the D1-, D2-, and S1-
transformed cell lines (data not shown). There were no
consistent differences in EBNA-1, EBNA-2, or LMP1
expression between the mutant and wild-type recombinant
virus-transformed cell lines by immunoblot (Fig. 3B and C)
and no differences in EBNA-2 and LMP1 expression by
immunofluorescence (data not shown). Immunoblots for
EBNA-3A, EBNA-3B, and EBNA-3C and LMP2A also did
not show differences among mutant or wild-type recombi-
nant virus-transformed LCLs (data not shown).

EBYV replication in EBNA-LP mutant or wild-type virus-
transformed LCLs. A human antiserum with high levels of
antibody to immediate-early, early, and late replication cycle
viral proteins was used in immunoblot analysis of EBV
replication in the mutant and wild-type virus-transformed
cells. The LCL transformed by the D1 recombinant virus
had higher levels of expression of immediate-early, early,
and late viral replication cycle-associated proteins than cells
from the same donor transformed by the WT recombinant
virus (Fig. 3A). The D2-transformed LCL also spontane-
ously expressed large amounts of these viral replication
cycle-associated proteins. However, the two S1-transformed
cell lines and the M1 cell line expressed few if any viral
replication cycle-associated proteins. Immunofluorescence
analysis of EBV replication in the mutant or wild-type
virus-transformed LCLs was performed by using the same
human antiserum used in the immunoblot analysis or by
using the monoclonal antibodies BZ.1, R3, L2, and 2L10
against, respectively, Z immediate-early, BMRF1 early,
gpl10 late, and gp350 late replication cycle proteins. Ap-
proximately 1% of the D1 recombinant EBV-transformed
cells, 3% of the D2-recombinant-transformed cells, and less
than 0.1% of the WT1- and WT2-transformed cells had
positive fluorescence staining with each of the above anti-
bodies. These data indicate that the EBNA-LP Y1 and Y2
exons are not essential for EBV replicative cycle gene
expression in LCLs.

Transformation of lymphocytes with EBNA-LP mutant or
wild-type recombinant viruses from the original infected
LCLs. Since the P3HR1 transfection experiments resulted in
only a limited number of mutant recombinant virus-infected
LCLs in which the phenotypic effects of the mutations could
be studied, attempts were made to derive new LCLs by
passage of the initial recombinant viruses to primary lym-
phocytes. Larger numbers of clones transformed by these
mutant viruses could better control for cell-specific effects
and allow more accurate delineation of the mutant
EBNA-LP phenotype. To passage the recombinants into
new cells, the original LCLs were lethally irradiated with
8,800 rads and cocultivated with adult peripheral blood B
cells or with umbilical cord blood lymphocytes. Two at-
tempts to transform cells with the D1 virus without fibroblast
feeder layers were unsuccessful, despite the ready passage
in parallel experiments of the WT1 wild-type recombinant
virus and greater virus replication in the D1-infected LCL
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(1% of the EBNA-LP D1 mutant recombinant virus-infected
cells were spontaneously permissive for virus replication
versus <0.1% permissivity in the WT1 recombinant virus-
infected cells). In a third experiment, primary lymphocytes
cocultivated with the D1-infected LCL were plated directly
onto fibroblast feeder layers in microtiter wells. The same
donor’s primary lymphocytes were also cocultivated in
parallel with WT1-infected cells without fibroblast feeders.
In this experiment, the Dl-infected LCLs were fewer in
number and came up later than WT1 secondarily trans-
formed LCLs (3 LCLs between 6 and 12 weeks after
infection versus 16 LCLs between 3 and 6 weeks). The
D2-transformed LCL initially produced as many wells of
proliferating cells without fibroblast feeder layers as were
produced from a wild-type-transformed LCL, probably as a
consequence of the significantly higher level of productive
virus infection (3% in the original D2-transformed LCL
versus <0.1% in the WT control LCL used in this ex-
periment). However, when the D2-infected cells were ex-
panded from the initial 0.2-ml cultures to 1.5-ml cultures,
they could not survive without fibroblast feeder layers, while
most wild-type recombinant virus-infected LCLs derived in
parallel grew well after expansion to 1.5-ml cultures without
fibroblast feeder layers. The decrease in cell concentration
occurring during expansion from 0.2 to 1.5-ml cultures may
account for the inability of the D2-infected LCLs to survive
this expansion without fibroblast feeder layers. After several
months in culture, the original D2-transformed cell line lost
its high level of permissivity to viral replication (<0.1% of
the cells expressed lytic cycle antigens), and cocultivation of
primary lymphocytes with the D2 LCL no longer produced
initially proliferating cells in the absence of fibroblast feed-
ers. Once the new D1- or D2-infected LCLs were growing at
a high cell concentration in 24-well plates, they did not
require fibroblast feeder layers to continue growing and
(unlike the original D1- and D2-transformed L.CLs) grew as
well as the wild-type-infected LCLs, even at low cell con-
centrations. The original M1 virus-transformed LCL was not
detectably permissive for virus replication, and only 2 clones
were obtained from passage of the M1 revertant recombinant
virus without fibroblast feeders versus 14 clones from a
wild-type recombinant virus passaged in parallel. The M1-
virus-transformed LCLs were transferred from the initial
microtiter wells to 1.5-ml wells without fibroblast feeder
layers and grew as readily as the wild-type recombinant
virus-infected controls. Thus, the new deletion mutant
recombinant virus-infected LL.CLs all required fibroblast
feeders for survival through our expansion protocol (as
described in Materials and Methods), whereas the M1 two-
amino-acid substitution revertant and the wild-type control
transformed cells did not require fibroblast feeders. At-
tempts to passage the S1.1 and S1.2 mutant recombinant
viruses, even with fibroblast feeder layers, were unsuccess-
ful, although a WT recombinant virus from a cell line with a
similarly low level of virus production passaged in parallel
yielded multiple transformed cell wells. The difficulty in
passaging the S1 recombinants is likely to be due to the
combined effects of the low level (<0.1%) of spontaneous
virus replication in the two original S1-transformed LCLs,
the poor growth of the original Sl-infected cell lines, which
markedly restricted the number of cocultivation experiments
which could be performed, and the S1 mutation effect on
primary lymphocyte growth transformation.

Immunoblot and immunofluorescence analyses of EBV
gene expression in the LCLs infected with passaged recom-
binant virus revealed no consistent differences in EBNA-1,
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EBNA-2, EBNA-3A, EBNA-3B, EBNA-3C, LMP1, or
LMP2a expression by immunoblot (Fig. 3), as was charac-
teristic of the initial LCLs transformed by the D1, D2, S1,
and M1 recombinants. Although the initial D1- and D2-
transformed LCLs were more permissive for viral replica-
tion than were the initial WT-transformed LCLs, no differ-
ence in permissivity to viral replication was noted by
immunofluorescence or immunoblot when LCLs into which
the D1, D2, and M1 viruses were passaged were compared
with LCLs from the same donor into which WT virus was
passaged (Fig. 3A and Table 1). Therefore, the higher level
of permissivity to viral replication seen in the initial D1- or
D2-infected LCLs compared with that in the wild-type-
transformed controls was probably due to cell-specific fac-
tors rather than to the EBNA-LP deletions.

The decreased transformation efficiency of the EBNA-LP
deletion and stop codon mutant recombinant viruses was not
due to a lower virus yield from the mutant virus-transformed
cells. As noted above, these cells were at least as permissive
for replicative cycle antigen expression by immunofluores-
cence and immunoblot. By electron microscopic analysis,
virus morphogenesis and viral particle number in produc-
tively infected cells did not differ significantly between the
deletion mutant and wild-type recombinant virus-trans-
formed LCLs. To evaluate the relative amounts of virus and
transforming activity in the EBNA-LP mutant versus wild-
type virus-infected cells, virus replication and transforming
activity were assayed in two D1- and two WT recombinant
virus-transformed cell lines which had been derived in
parallel by infection of the same donor’s lymphocytes. The
two D1-infected cell lines produced no transforming virus as
assayed by cocultivation with primary B lymphocytes with-
out fibroblast feeder layers. One to two percent of the cells
in these mutant virus-infected LCLs were spontaneously
permissive for virus replication by immunofluorescence and
electron microscopic analysis. Both wild-type control virus-
infected cells did produce transforming virus in the same
assay when less than 0.1% of the cells in one cell line and 1%
of the cells in the other cell line were spontaneously permis-
sive for virus replication by immunofluorescence and elec-
tron microscopy. These data confirm that the EBNA-LP
deletion mutant recombinant virus is less efficient at trans-
formation than the wild-type virus.

The effect of EBNA-LP mutations on B-lymphocyte differ-
entiation. Since plasmacytoid differentiation with increased
cytoplasmic immunoglobulin expression has been associated
with decreased B-lymphocyte replicative capacity (49), cy-
toplasmic immunoglobulin levels in the mutant and wild-type
virus-transformed cell lines were compared. Most D1- or
D2-transformed cell lines and all M1- and WT-transformed
cell lines had bright cytoplasmic immunoglobulin fluores-
cence staining in less than 5% of the cells after several
months in culture (Fig. 4). However, two of nine DI1-
transformed, one of five D2-transformed, and two of two
S1-transformed LCLs had bright cytoplasmic immunoglob-
ulin staining in 10 to 40% of the cells, even after several
months in culture (Fig. 4 and Table 1). Total cellular immu-
noglobulin levels by immunoblot did not differ among cell
lines with or without high level immunoglobulin staining
(data not shown). EBV-infected cells with bright cytoplas-
mic immunoglobulin staining have been previously noted to
have decreased EBNA expression and decreased replicative
capacity (49). In the EBNA-LP mutant virus-infected cell
lines, the intensity of cytoplasmic immunoglobulin staining
was also inversely correlated with the intensity of EBNA-2
staining by two-color immunofluorescence (data not shown).
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TABLE 1. Comparison of fibroblast dependence, permissivity for
viral replication, and cytoplasmic immunoglobulin staining
between mutant and wild-type recombinant
virus-transformed LCLs

LCLe Fibroblast  Cells permissive for Cells with cytoplasmic
dependence? viral replication (%)° Ig staining (%)
WT1 - <1 <1
D1 + 3 <1
WT3.1 - <1 <1
WT3.2 - <1 <1
M1 - <1 <1
S1.1 + <1 37
S1.2 + <1 23
WT1P1.1 - <1 <1
WT1P1.2 - 3 <1
WT1P1.3 - <1 5
WT1P1.4 - <1 5
WT1P1.5 - 2 <1
D2P1.1 + 1 7
D2P1.2 + <1 29
D2P1.3 + <1 2
D2P1.4 + 2 8
WT1P2.1 - <1 6
WT1P2.2 - <1 S
WT1P2.3 - 4 S
WT1P2.4 - S 5
D1P2.1 + S 8
D1P2.2 + 1 3
D1P2.3 + 8 31
D1P1.1 + 3 11
D1P1.2 + 4 <1
D1P1.3 + 1 <1
D1P1.4 + 7 <1
D1P1.5 + 1 <1
WT3.1P1.1 - <1 <1
WT3.1P1.2 - <1 <1
M1P1.1 - <1 <1
M1P1.2 - <1 <1

“ Mutant and wild-type virus-infected cells from the same donor are
grouped together. The D1P1 cell lines did not have WT-transformed control
cell lines from the same donor. WT1P1.1 to WT1P1.4 are four cell lines
established from one passage of the WT1 virus into adult peripheral blood B
lymphocytes. WT1P2.1 to WT1P2.4 are LCLs established from a second
passage of the same virus into cells from a different donor. WT3.1P1.1 and
WT3.1P1.2 are two cell lines established from one passage of the WT3.1 virus
into umbilical cord blood lymphocytes. M1P1.1 and M1P1.2 are two cell lines
established from passage of the M1 virus into umbilical cord blood lympho-
cytes. D1P1.1 to D1P1.5 and D1P2.1 to D1P2.3 represent passages of the D1
virus to B lymphocytes from two different adult donors. The WT1P2.1 to
WT1P2.4 and D1P2.1 and D1P2.3 LCLs were studied 5 to 6 weeks after
infection. The other LCLs were studied 6 to 12 months after infection.

b Fibroblast dependence, the dependence of LCLs on fibroblast feeders for
growth.

© The percentage of cells permissive for viral replication as determined by
immunofluorescence staining with the BZ.1 monoclonal antibody.

Cytokine production. Differences between mutant and
wild-type LCLs in fibroblast feeder dependence and cyto-
plasmic immunoglobulin staining could be due to an effect of
EBNA-LP on cytokine production. Cytokine mRNAs in the
D1 and wild-type recombinant virus-transformed cell lines
were qualitatively compared by PCR amplification of cDNA.
PCR with cytokine-specific probes (Clontech) revealed IL-
la, IL-1b, IL-2 through IL-8, tumor necrosis factor-g, and
IL-2R expression in both the D1 and wild-type recombinant
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FIG. 4. Percentages of cells in LCLs transformed by EBNA-LP mutant or wild-type recombinant virus which express high levels of
cytoplasmic immunoglobulin. All LCLs in Table 1 were studied at least 6 months after EBV infection. Cells were cytocentrifuged, fixed in
ethanol and acetic acid, and stained with a fluorescein-conjugated goat anti-human IgG (heavy and light chains). The percentages of mutant
(black boxes) or wild-type (white boxes) recombinant virus-transformed cells with bright cytoplasmic immunoglobulin staining are shown.
The lymphocyte donor for each of the mutant and wild-type cell lines is described in footnote a of Table 1.

virus-transformed cell lines. This does not exclude the
possibility of quantitative differences in cytokine produc-
tion. Since IL-6 is an autocrine growth factor for EBV-
infected cells (45), IL-6 production by the D1 and WT1
recombinant virus-transformed cell lines was assayed more
quantitatively by measuring the growth of the IL-6-depen-
dent B9 cell line grown in the presence of supernatants from
D1- or WT1-infected cells. Both the deletion mutant and the
wild-type virus-transformed cell lines made similarly low
levels of IL-6. Further, 1.6 ng of recombinant IL-6 per ml
(Genetics Institute) minimally enhanced the growth rate of
the original D1-transformed LCL (data not shown).

The effect of wild-type EBNA-LP expression in EBNA-LP
deletion mutant recombinant virus-transformed cells. A pos-
itive selection expression plasmid for EBNA-LP was trans-
fected into the D2-transformed LCL to evaluate the effects
of wild-type EBNA-LP expression in this mutant recombi-
nant virus-transformed LCL. Transfected cells were se-
lected without fibroblast feeder layers. Three methotrexate-
resistant clones were obtained. All three clones had
characteristic EBNA-LP nuclear immunofluorescence stain-
ing with an EBNA-LP affinity-purified human serum which
does not react with the deleted EBNA-LPs. However, the
intensity of the fluorescence staining was weaker than in
wild-type recombinant-transformed LCLs. PCR amplifica-
tion with primers specific for the transfected plasmid con-
firmed that the three clones contained the transfected plas-
mid. No change in EBNA-1, EBNA-2, or viral replication
protein expression was noted by immunofluorescence stain-
ing or immunoblot of the EBNA-LP expressing clones
compared with that of the parental D2-transformed LCL. As
was characteristic of the parental LCL, the EBNA-LP-
positive clones could not grow when they were seeded at
less than 5 X 10* cells per ml, despite the presence of
EBNA-LP. The failure of wild-type EBNA-LP to comple-
ment this abnormal growth phenotype could be due to
inadequate EBNA-LP expression, to a transdominant effect
of the EBNA-LP mutant, or to the abnormal growth pheno-
type being cell rather than virus specific. The fact that other
LCLs infected with passaged D2 or D1 mutant recombinant
virus had normal growth rates at low cell concentrations is
consistent with the latter possibility.

DISCUSSION

These experiments indicate that the EBNA-LP is critical
for B-lymphocyte transformation under the usual conditions
applied to assay EBV-transforming activity. In the absence
of fibroblast feeders, no LCLs were recovered after infection
of B lymphocytes with mutant EBNA-LP recombinant virus
from transfected P3HR1 cells. Even in the presence of
fibroblast feeders, LCLs were recovered only rarely after
infection of B lymphocytes with mutant EBNA-LP recom-
binant virus from transfected P3HR1 cells. In contrast, many
LCLs were recovered in the absence of fibroblast feeders
after infections with otherwise isogenic wild-type recombi-
nant virus from P3HR1 cells transfected in parallel.
EBNA-LP stop codon mutant-infected cells were at least as
impaired in their outgrowth as the deletion mutant-infected
cells, indicating that the effect on LCL outgrowth is due to
the carboxy-terminal 45-amino-acid truncation of the
EBNA-LP.

The stop codon mutation offers the least ambiguous op-
portunity to ascertain the role of the last two EBNA-LP
exons in cell growth transformation. The very low number of
stop codon mutant recombinant virus-transformed LCLs
and the persistently poor growth of these LCLs, even on
fibroblast feeders, indicate that the last 45 amino acids are
critical to full growth transformation of primary B lympho-
cytes. Importantly, the use of two independently derived
stop codon mutant plasmids for the generation of these EBV
recombinants and the nearly normal B-lymphocyte trans-
forming activity of the M1 revertant from the stop codon
transfections exclude the unlikely possibility that the stop
codon recombinant DNAs have a spontaneous mutation
elsewhere which results in the altered growth transformation
phenotype. The occurrence of a revertant is a rare genetic
event, and its appearance in one of four LCLs arising from
the stop codon transfections suggests that there is a tremen-
dous selective advantage in our transformation assays for
outgrowth of cells infected with virus which encodes the last
45 amino acids of the EBNA-LP. The persistently poor
growth of the LCLs transformed by the stop codon recom-
binants, even on fibroblast feeder layers, and their lack of
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permissivity to virus replication have so far restricted exten-
sive cellular or molecular biologic analyses.

Although the last two exons of the EBNA-LP are impor-
tant in primary B-lymphocyte growth transformation, they
are not absolutely essential. Primary B lymphocytes infected
with EBNA-LP mutant recombinant EBV infrequently
could be recovered as LCLs when they were maintained on
fibroblast feeder layers or when the primary B lymphocytes
were cocultivated with a very productive deletion mutant-
virus-infected LCL. Presumably, cell outgrowth under the
latter conditions resulted from many simultaneously initiated
transforming events. However, the growth of these infected
primary cells could not be maintained without fibroblast
feeder support when the cultures were initially expanded.
Thus, the phenotype of the deletion of the last 45 amino
acids of EBNA-LP was profoundly evident when primary B
lymphocytes were infected in an endpoint dilution clonal
transformation assay without fibroblast feeders by using
recombinant virus from transfected P3HRI1 cells, slightly
less evident when the infected cells were plated with fibro-
blast feeders, and consistently evident when mutant virus-
infected cells were initially expanded from outgrowth in
96-well microtiter plates to 24-well plates.

Although wild-type EBV infection readily causes indefi-
nite B-lymphocyte proliferation without a stringent require-
ment for fibroblast feeders, fibroblast feeders improve trans-
formation efficiency (41). A likely hypothesis which could
explain the fibroblast feeder effect in primary B-lymphocyte
growth transformation by wild-type EBV is that fibroblasts
provide growth factor(s) which positively affect the proba-
bility that any EBV-infected B lymphocyte will give rise to
an LCL. The unusual dependence of EBNA-LP mutant
recombinant EBV-infected cells on fibroblast feeders could
be due to an adverse effect of the EBNA-LP mutation on the
ability of the recombinant EBV to induce an autocrine
growth factor pathway necessary for full B-lymphocyte
growth transformation and complementation of the defect by
fibroblast derived growth factors. Since IL-6 is a fibroblast
factor which positively affects EBV-infected cell outgrowth
(45), IL-6 production was evaluated in the EBNA-LP D1
mutant recombinant LCL. No difference in IL-6 production
was detected between the D1 and WT1 recombinant virus-
infected cell lines. Furthermore, recombinant IL-6 had little
effect on EBNA-LP D1 recombinant virus-infected cell
growth.

An alternative possibility is that the last two EBNA-LP
exons could be more stringently required for the transfor-
mation of most B lymphocytes than they are for transforma-
tion of a less common B-cell type which can be transformed
by the mutant recombinant EBV as long as the cells are
initially supported by fibroblast feeders. Little is known
about whether fibroblast feeder layers differentially facilitate
the outgrowth of specific B-lymphocyte subsets after EBV
infection. Small resting B lymphocytes more readily give rise
to LCLs after infection with wild-type EBV (3), and EBV-
transformed LCLs arise almost exclusively from those B
lymphocytes which express surface CD23 after EBV infec-
tion (4, 44). However, EBNA-LP D1 mutant recombinant
virus-transformed cells did not differ from WT recombinants
in CD23 or other surface activation or adhesion molecule
expression.

Although cells infected with the EBNA-LP D1 deletion
mutant recombinant virus do not differ from cells infected
with a wild-type recombinant in their expression of surface
markers characteristic of EBV-transformed LCLs, some of
the mutant recombinant virus-transformed LCLs differ from
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wild-type recombinant virus-transformed LCLs in plasma-
cytoid differentiation, a phenotype which has been linked to
specific B-lymphocyte populations and to decreased B-lym-
phocyte proliferative capacity (15, 24a, 49). It is possible that
EBNA-LP plays an indirect role in suppressing terminal
B-cell differentiation in EBV-infected cells.

These experiments do not identify the specific biochemical
mechanisms for EBNA-LP’s role in cell growth transforma-
tion. However, the lack of effect of the mutations on
expression of other EBNAs or LMPs makes it unlikely that
EBNA-LP is involved in the complex processing of EBV
RNAs, as might be inferred from its association with small
subnuclear particles. Complementation of the EBNA-LP
mutation-related defect in LCL outgrowth by fibroblast
feeders favors the hypothesis that EBNA-LP regulates
expression of a cell growth factor. The last two EBNA-LP
exons have acidic and proline- and arginine-rich domains, as
have been identified in some transcriptional regulatory mol-
ecules (28). The molecular genetic experiments reported
here delineate a stringent, albeit not absolute, requirement
for EBNA-LP in LCL outgrowth. The assay conditions
described here can be pursued to define more precisely the
domains encoded by the last two EBNA-LP exons, which
are critical for LCL outgrowth.
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